Candida albicans and Candida dubliniensis are two pathogenic yeasts particularly hazardous to immunocompromised patients. Adhesion of yeast cells to epithelium is considered one of the virulence factors and its study is of major importance. The main aim of this study was the comparison of the influence of physico-chemical properties on the adhesion of C. albicans and C. dubliniensis to epithelium. Two strains of each Candida species were used in the adhesion assays to HeLa cells. Adhered cells were enumerated by direct microscopic images observation. Yeast cell surface tension parameters and degree of hydrophobicity were determined by contact angle measurement. Pseudohyphae and hyphae formation was analysed by scanning electron microscopy. Yeast cells presented no statistical differences concerning their physicochemical surface properties. However, the extent of adhesion to epithelium was different among the four strains. As general conclusion, yeast adhesion to epithelium seems to be strain-dependent and not directly correlated with pseudohyphae formation.
Introduction
Candida species are fungal pathogens responsible for oral nosocomial infections. Candida albicans is the primary aetiological agent of oral candidiasis and on account of that has been largely phenotypically and genotypically studied. After being mismatched for years with C. albicans, in 1995 Candida dubliniensis was described as a new Candida species. 1 Candida dubliniensis can cause disease independently of other Candida species, at least in HIV patients.
Colonisation of mucosal surfaces by pathogenic Candida species depends on their ability to adhere to such surfaces. Adhesion is, therefore, the first step in the process, leading to persistent colonisation and infection and the ability to adhere constitutes an important determinant of virulence. 2 Some of the attributes of Candida species that are considered important virulence determinants include the ability to form hyphae, 3 to resist phagocytosis 4 and to produce extracellular hydrolytic enzymes such as proteinases. 5 Adherence to host tissue is achieved by a combination of specific and non-specific mechanisms. Specific mechanisms include ligand-receptors interactions and non-specific mechanisms include electrostatic forces, aggregation and hydrophobic interactions. 6 Epithelial cells, teeth and prosthetic devices are the oral cavity surfaces most prone to be colonised by Candida species.
In almost all studies concerning adhesion of oral micro-organisms to surfaces the saliva used is obtained from donors. 7, 8 Nevertheless, natural saliva varies according to the donor and the time of the day, thus exact duplications are impossible. Furthermore, natural saliva contains proteins such as mucin that can coat the oral surfaces influencing adhesion by specific interactions. Hence, artificial saliva can be used in order to focus only the physico-chemical interactions.
The objective of the present study was the comparison of the extent of adhesion between C. albicans and C. dubliniensis to epithelium. The influence of physicochemical yeast cells surface properties and pseudohyphae formation were the specific parameters evaluated.
Materials and methods

Yeast-growing conditions
Two strains of C. albicans (C. albicans 12A and C. albicans B311) and two strains of C. dubliniensis (C. dubliniensis CBS 7987 and C. dubliniensis CBS 7988) were used in this study. One of the strains of C. albicans is a clinical isolate, kindly provided by the Department of Biology of the University of Minho and the other C. albicans strain was obtained from the American Type Culture Collection (ATCC). The two C. dubliniensis were obtained from Centraalbureau voor Schimmelcultures (CBS). The yeast cells were subcultured in Sabouraud dextrose agar for 24 h and then grown in Sabouraud dextrose broth (SDB; VWR, Lisboa, Portugal) for 18 h, at 37°C under agitation, until stationary phase. Cells were harvested by centrifugation (2795 g, for 10 min) and washed twice with ultrapure water. The cells were enumerated using a hematocytometer (Mareinfeld GmbH & Co KG, Lauda-Koenigshofen, Germany) and diluted in saline solution (0.9% NaCl) or artificial saliva to the concentration needed for each assay.
Epithelial cells
The epithelial cells used were from a HeLa cell line gently provided by Dr a Elsa Anes from the Faculty of Pharmacy of the University of Lisbon. HeLa cells were cultured in DMEM (Sigma, Lisboa, Portugal) containing 10% of foetal bovine serum (Sigma), in cell culture flasks. After detachment, 10 5 cells ml )1 were added to a 24-well plate containing circular lamellas (u ¼ 12 mm) at the bottom. When the cells reached the confluence, they were washed two times with phosphate-buffered saline (PBS) and were used in the adhesion assays.
Saliva preparation
Artificial saliva was prepared according to Gal et al. [9] with the following composition in mg l The measurements were performed, at room temperature, using three different liquids: water (VWR), formamide (VWR) and a-bromonaphthalene (VWR). Every assay was performed in triplicate and at least 10 contact angles, per sample, were measured.
Adhesion assays
Yeast cells were suspended to 10 7 cells ml )1 (in saline solution or artificial saliva) and 1 ml was added to each well, containing a glass lamella covered with a confluent layer of epithelial cells. After 1 h of incubation (100 rpm, at 37°C) each well was washed twice with saline solution, by pipetting carefully only the liquid above the coupon. Finally, all the liquid was removed. The glass lamellas were withdrawn from the wells and were Gram-stained. The samples were observed microscopically and the images were captured on a computer. Twenty-five fields were randomly counted in each sample to determine the number of adhered cells. Each experiment was repeated three times.
Statistical analysis
The resulting data were statistically analysed using Statistical Package for the Social Sciences (SPSS). Oneway ANOVA with Bonferroni test was used to compare the number of adhered cells in the four strains. For the comparison between the two media (saline solution and artificial saliva) the independent t-test was used. All tests were performed with a confidence level of 95%.
Results
The average number of yeast adhered to one epithelial cell in saline solution (used as control) and artificial saliva is illustrated in Fig. 1 . There was no significant difference in the number of adhered C. albicans 12A and both strains of C. dubliniensis in the presence of saline solution (P > 0.05). In saliva, the number of adhered C. albicans 12A and C. dubliniensis 7988 presented significant differences (P < 0.05), while the number of adhered C. albicans B311 and C. dubliniensis 7987 were not statistically different (P > 0.05). In saline solution, C. albicans B311 presented the lower number of adhered cells. However, in the presence of artificial saliva the lower number of yeast per epithelial cell was obtained for C. dubliniensis. Comparing the adherence behaviour in both media all the strains showed significant differences (P < 0.05). It is interesting to note that the number of both strains of C. albicans adhered to epithelium increased in the presence of artificial saliva, while the number of adhered C. dubliniensis decreased.
The percentage of HeLa cells without adhered Candida, with one and two or more yeast per cell was determined by direct enumeration of microscopic images (Fig. 2) .
In the case of C. albicans 12A there was a decrease in the percentage of HeLa cells without yeast and an increase in the percentage of HeLa cells with two or more yeast per cell, from saline solution to artificial saliva (Fig. 2) . On the contrary, in artificial saliva, the number of HeLa cells without C. dubliniensis 7987 or C. dubliniensis 7988 increased while the number of HeLa cells with two or more yeast increased, these changes were more significant for the second strain. Table 1 .
The value of the free energy (DG ymy ) represents the degree of hydrophobicity of the surface; if DG ymy > 0 the surface can be considered as having a hydrophilic character and on the contrary, if DG ymy < 0, the surface is hydrophobic. 10 In the present study, all the yeast strains either in saline solution or artificial saliva, present a hydrophilic character (Table 1) . However, C. albicans B311 presents a lower value of DG ymy in both media, meaning that this strain has a less hydrophilic character.
Hyphae formation is also an important factor that can be a determinant in the adhesion phenomenon (Fig. 3) . Candida albicans B311 formed pseudohyphae either in saline solution or in artificial saliva (Fig. 3) . The other strains formed hyphae only in the presence of artificial saliva.
The microscopic observations revealed that yeast cells adhered preferentially to the borders of the outer surface of epithelial cells. Scanning electron microscopic images of samples from the adhesion assays of C. albicans 12A also corroborated this observation (Fig. 4) .
Discussion
The most common in vitro models of mammalian cell lines used to study Candida infection, are exfoliated buccal epithelial cells (BECs), vaginal, urogenital and corneal cells. However, problems arise with exfoliated epithelial cell preparations, due to the presence of heterogeneous populations that show an abundance of non-viable cells, bacterial contamination and different degrees of enzymatic modifications of the cell surface. To avoid such problems, the use of uniform population of cells in measuring adherence has been more common. These include HeLa and human embryonic kidney epithelial cells, fibroblasts and HEp-2 cells. 6 A HeLa cell line was used in this study and all Candida strains presented high levels of adherence to this cellular line. The extent of yeast cell adhesion in saline solution, evaluated by the number of yeast attached to each HeLa cell was very similar for all strains. Conversely, when the adhesion medium was artificial saliva, C. albicans 12A adhered in a significantly larger extent than C. dubliniensis 7988, although C. albicans B311 and C. dubliniensis 7987 presented no differences. Vidotto et al. [11] studied the adhesion of C. albicans and C. dubliniensis to BEC and vaginal epithelial cells in the presence of PBS and they found differences in the adhesion behaviours, being C. albicans the strain that presented a higher extent of adhesion. However, Gilfilland et al. [12] showed that oral C. dubliniensis isolates were more adherent to BEC than C. albicans when grown in glucose and equally adherent when grown in galactose. Nevertheless, according to several authors, [13] [14] [15] the greater extent of adhesion of some strains of C. albicans with respect to C. dubliniensis to BEC and vaginal epithelial cells is in agreement with the fact that C. albicans is usually considered more virulent than C. dubliniensis.
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The adhesion of these strains to acrylic and hydroxyapatite (HAP) was also studied 16 and no differences among the strains were encountered, either in water or in saliva as well. This similar behaviour was explained by the similar surface properties (zeta potential, surface tension and hydrophilicity) of the four strains. It is well documented that the adhesion phenomenon to inert surfaces is ruled by physico-chemical properties of microbial cell surfaces. 17, 18 It is not clear, however, if these properties also determine microbial adhesion to human epithelium.
The values of yeast cell surface tension and hydrophobicity (Table 1) for all the strains studied are statistically similar and so these properties are not able to differentiate among the strainsÕ ability to adhere to epithelium. Hence, as in the case of adhesion to inert surfaces, hydrophobic properties do not seem to rule adhesion. The electron donor parameters were found to be responsible for the adhesion phenomenon to inert surfaces. 16 However, this was not evident in adhesion to epithelium. It must be stressed that the extent of yeast adhesion to epithelial cells can only be compared with that to inert surfaces in a qualitative way, as in the first case it was the number of yeast per epithelial cells that was determined, while on the inert surfaces it was the number of yeast per mm 2 that was quantified. There are some authors 19 who have measured the number of yeast per mm 2 in the case of adhesion to epithelial cells, although this is only possible if the cells are 100% confluent, which is difficult to achieve.
In the present study, the number of cells of both strains of C. albicans adhered to HeLa cells increased in the presence of artificial saliva, while the contrary happened for C. dubliniensis strains.
The role of saliva in the adhesion to epithelium has been largely studied in the case of C. albicans. Although some authors 20 found that saliva promotes the adhesion of C. albicans to epithelial cells, others 21 report the opposite. Indeed, the influence of saliva in adhesion depends on various factors, such as the origin and composition and also on the strain of Candida that is being studied.
The factors affecting Candida adhesion to epithelial cells can depend on the yeast, on the epithelial cells or on environmental factors. Within yeast factors can be included cell concentration and viability, the growth phase and temperature, the growth medium composition, species and strains and germ tube formation. 2 Candida albicans and C. dubliniensis are the two Candida strains with a capacity to form true hyphae in addition to pseudohyphae. 22 The transition from yeast to hyphae form is one factor of Candida virulence. Hyphae formation depends on the medium used to grow the yeast cells and the number of formed hyphae increases with time. 12 In this study, C. albicans B311 presented hyphal formation in both adhesion media, saline solution and artificial saliva. While the other strains formed hyphae only in the presence of artificial saliva.
Although the cells were grown in SDB and put into contact with artificial saliva only during the adhesion assay (1 h), all strains studied presented hyphal formation in this case. Other authors 12 also found that hyphae formation can occur after 1 h either for C. albicans or C. dubliniensis in different media.
The environmental factors that favour germination, formation of pseudohyphae or hyphae, include temperature higher than 35°C and pH of 6.5-7. 22 The pH of the artificial saliva used was 6.8 that can explain the formation of hyphae by all the strains.
According to Nikawa et al. [23] , in some C. albicans strains the adhesion capability increases in the presence of germ tubes when compared with blastopores. However, for other strains no significant differences were noticed.
Hyphal formation did not seem to play an important role in the adhesion of Candida. Hence, other factors, rather than physico-chemical properties or hyphal formation seem to be ruling the process of adhesion. Among these factors are the peripheral proteins that promote adhesion, called adhesins. A number of proteins have been identified that recognise host cell ligands, including MP60, MP58, MP66, MP130 and MP37. 24 Ultrastructural evidence indicates that specific interactions between Candida and epithelial cells are mediated by a flocular-fibrillar adhesin layer present on the outer surface of the yeast. 25 The Candida surface is enriched with concavalin A-binding sites and attachment to the epithelial cells is mediated by fibrillar structures or polysaccharide granules distributed on the cell wall coat. 25 Candida albicans and C. dubliniensis have equal abilities to adhere to inert oral surfaces 16 and the adhesion is enhanced in the presence of artificial saliva due to an increase in the physico-chemical interactions. Considering adhesion to epithelium, other factors rather than physico-chemical ones seem to rule the phenomenon. Additionally differences in the adhesion capabilities were clearly shown among the four strains. Hence, adhesion to epithelium is strain-dependent, conversely to adhesion to inert surfaces.
